A half-sib family of two 4-year-old seedlings of Pinus × rigitaeda was inoculated with each of 20 Pinus thunbergii isolates of Fusarium circinatum (syn. Fusarium subglutinans f. sp. pini) from two pitch canker damaged sites in Jeju Island, South Korea. Initial symptoms of needle damages were visible on most of the seedlings at 18 days after inoculation. The 20 tested isolates were not significantly different in virulence, based on lesion lengths at the site of inoculation (P = 0.217). The most virulent isolate FT-7 showed the longest lesion length. Some seedlings began to die 46 days after inoculation. All seedlings were dead by 68 days after inoculation except two seedlings inoculated with each of isolates FS-2 and FS-13, respectively. Using the FT-7, 38-year-old 11 P. × rigitaeda trees, which were survived from a seed orchard severely damaged by pitch canker, were inoculated on branches in the seed orchard in Jeju Island to assess differences in susceptibility to pitch canker. The 11 trees differed significantly (P < 0.001) in susceptibility to F. circinatum based on average lesion lengths measured 56 days after inoculation. It is possible that induced resistance contributed to their capacity to limit lesion development. The susceptibility of natural selection P. × rigitaeda trees are more likely affected by interaction with F. circinatum rather than environmental conditions.
Pitch canker is a serious disease of pines, which is caused by the fungus Fusarium circinatum Nirenberg & O'Donnell (syn. Fusarium subglutinans f. sp. pini; telemorph: Giberella circinatum Nirenberg & O'Donnell) distributed in different parts of the world (Correll et al., 1991; Dwinell et al., 1985; Gordon et al., 2001; Nirenberg and O'Donnell, 1998) . Advanced symptoms of the disease result in crown dieback and resinous cankers on branches and main stems (Storer et al. 2002) . Pitch canker was first reported in 1946 on Pinus virginiana in North Carolina, USA (Hepting and Roth, 1946) , and it later appeared on Pinus elliottii in Florida, Pinus taeda in Mississippi, and on Pinus radiata in California where it has caused a significant epidemic in its native range (Dwinell and Phelps, 1977; Gordon et al., 2001; Storer et al., 1997) . The pathogen is also found in Japan (Kobayashi and Muramoto, 1989) , South Africa (Viljoen et al., 1994) , Mexico (Guerra-Santos, 1999) , South Korea (Lee et al., 2000) , Chile (Wingfield et al., 2002) , Spain (Landeras et al., 2005) , and was recently reported from Italy (Carlucci et al., 2007) .
In South Korea, pitch canker was first noticed as a cause of branch dieback on the exotic species Pinus rigida Mill. in Incheon city in the mid-1990s. Pitch canker may be alleged to have introduced into South Korea through two routes: one from the USA to Incheon city and the other from Japan to Jeju Island. The disease has caused a serious damage mostly on three-needle pines, P. rigida and P. × rigitaeda in the southwestern part of the Korean peninsula and Jeju Island. Most infections appear to result from weather-related wounds from wind that serves as entry points of micro-or macro-conidia.
The seed orchards of P. rigida and P. × rigitaeda in Jeju Island have been damaged by pitch canker for about ten years perhaps because of warm temperature and geographic location near to Japan where the disease has been established since the late 1980s (Kobayashi and Muramoto, 1989; Woo et al., 2005) . Recently, the disease occurred more often on sapling stands of a native two-needle pine P. thunbergii on the roadside and a golf course in Jeju Island. The isolates of F. circinatum obtained from different pine hosts, for example, P. nigra, P. pinaster, P. sylvestris, and P. radiata in Spain (Perez-Sierra et al., 2007) and P. taeda, and P. elliottii in USA (Hodge and Dvorak, 2007) , were tested for virulence. However, virulence to P. thunbergii isolates of F. circinatum has not been reported previously.
Phenotypes of relatively resistant pines are characterized by a reduced rate of lesion development and thus less dieback, compared to more susceptible pine trees. Pitch canker resistant trees have been screened in a greenhouse environment (Gordon et al., 1998a and b; Hodge and Dvorak, 2000) even though testing on big trees and natural selection trees would be more desirable. Natural selection trees of P. × rigitaeda seed orchard provide us an opportunity to evaluate their resistance. The objectives in this study were to 1) assess variation in virulence in isolates of F. circinatum from P. thunbergii and 2) test for differences in susceptibility to pitch canker in P. × rigitaeda.
Materials and Methods
Pathogenicity test of F. circinatum from P. thunbergii. Twenty isolates of F. circinatum tested in this study were obtained from each of 20 P. thunbergii individuals damaged by the pitch canker from two sites (site FT: 7 trees along the roadside; site FS: 13 trees within a golf course) in Jeju Island. Site FT is located in Saekdaldong, Seogwipo city, and site FS is in Oradong, Jeju city, about 10 kilometers away from the site FT as the crow flies. Each isolate was sub-cultured as a single spore on potato dextrose agar (PDA) at 24±1ºC for 5 days. Each of the 20 isolates were used for inoculations on July 10, 2008 on the main stems of a half-sib family of two 4-year-old seedlings of Pinus × rigitaeda by removing an area of bark approximately 1 cm long and 0.5 cm wide. An equal size plug (5 mm diameter) of PDA that was fully colonized by F. circinatum was placed into each wound with the mycelium facing down, and the wounds were sealed with parafilm to prevent contamination and drying of the inoculum. Control seedlings were also wounded and inoculated with sterile water. Visual damages, either dehydration or discoloration of needles, were examined weekly on seedlings inoculated with the isolates for 68 days. F. circinatum was re-isolated from symptomatic seedlings to confirm infection by the pathogen.
Lesion length. Pathogenic variation of the isolates was determined based on the lengths of lesions developing on main stem subjected to the mechanical inoculations. The length of lesion was characterized by brown discoloration of resin soaked xylem. To measure lesion length on main stem, inoculated stems were cut at the bottom, bark was removed from the inoculation site to up-and downwards until normal appearing wood was revealed, and lesion length was measured to the nearest mm. The isolate showing the longest mean lesion length was chosen for subsequent branch inoculations of trees survived from a seed orchard severely damaged (98% mortality) by pitch canker.
Branch inoculations. Eleven natural selection Pinus × rigitaeda trees that were 38 years old in the Sanghyo Seed Orchard in Jeju Island (hereafter referred to as the Jeju Sanghyo P. × rigitaeda Seed Orchard) were used for branch inoculations. All trees had no symptoms of natural infections by F. circinatum, nor had other disease and insect problems. The Jeju Sanghyo P × rigitaeda Seed Orchard was established on 10 hectares of area in 1972 to provide superior seeds of Pinus × rigitaeda nationwide, but since the first outbreak of pitch canker in the late 1990s (Woo et al. 2005) , most of the trees were killed by pitch canker, and consecutive outbreaks of the disease have left only about 50 out of 4,000 trees as of August, 2008 . All The details of individual trees are in Table 1 . Cultures of selected isolate (FT-7) were grown on PDA at 24±1ºC for 5 days. Twenty inoculations on each tree were performed on similar diameters branches (range: 5.2-11.2 mm). Inoculations were equally placed on the southern and northern side of the crown, from August 26-28, 2008 by the same inoculation method as mentioned earlier. Control inoculations of sterile water agar plugs were conducted on 10 branches per tree, 5 branches in each of the southern and northern side of the crown. Branches were collected 56 days following inoculation, and the lesion at the site of inoculation was measured. Average lesion lengths were calculated for each tree.
Data analysis. Data on lesion length of Pinus × rigitaeda seedlings inoculated with 20 isolates and those of 11 natural selection Pinus × rigitaeda trees were analyzed by analysis of variance (ANOVA) using SAS-PROC GLM (general linear model) statistical package and type III sums of squares (SAS Institute Inc. 1989) . A Pearson correlation analysis used natural selection individual tree data. 
Results and Discussion
Pathogenicity test. We confirmed that 20 isolates obtained from P. thunbergii in two sites were the pitch canker fungus based on morphology and molecular techniques (data not shown). The isolates were used for inoculating seedlings of Pinus × rigitaeda, which is one of the most susceptible three-needle pines in Korea, and in this study, we found that the initial symptom of needle damage was visible on most of the seedlings inoculated with FT isolates at 18 days after inoculation, but slightly less on the seedlings inoculated with FS isolates (Figs. 1a, 1b) . Twenty isolates of F. circinatum were not significantly different in virulence, based on lesion lengths at the site of inoculation (p=0.217) (Fig. 2) . The mean lesion length on seedlings inoculated with isolate FS-8 was the shortest (12.8 mm) and that on seedlings inoculated with isolate FT-7 was the longest (44.9 mm), which was 82% greater than total mean (24.7±9.2 mm).
A few studies on variation in virulence of the pitch canker fungus have been reported (Gordon et al., 2001; Hodge and Dvorak, 2007; Perez-Sierra et al., 2007) , and the variation could result from introduction of new strains, recombination by out-crossing, or mutation. Virulence of seven isolates of F. circinatum from seeds, seedlings, and mature trees of four pine species has been evaluated in northern Spain, and all isolates were pathogenic and the virulence was significantly different within each species (Perez-Sierra et al., 2007) .
Fusarium circinatum populations in southeastern United States, Mexico and South Africa were genetically varied and the variation may be resulted from mutation (Wikler and Gordon, 2000) . However, there is no specific evidence of sexual reproduction in Japan and California (Wingfield et al., 2008) . Since the pitch canker pathogen is supposed to be introduced from Japan, no sexual reproduction is evident in South Korea.
The time period from inoculation to mortality varies depending on species and ages of host trees and virulence of the pathogen. Seven to eight-month-old seedlings of P. nigra were all dead 29 days after inoculation with Spanish isolates of F. circinatum, but those of Pinus pinaster and P. sylvestris died 49 and 56 days after inoculation, respectively (Perez-Sierra et al., 2007) . In this study, some seedlings began to die 46 days after inoculation. All but one seedling inoculated with each of isolates FS-2 and FS-13 were dead by 68 days after inoculation (Figs. 1b, 3) , indicating that all isolates tested were highly pathogenic to the P. × rigitaeda, with 95% mortality. No external symptoms of disease development were observed on the control seedlings by the end of the experiment (Fig. 3) .
Non-native three-needle pines (P. rigida and P. × rigitaeda) are the principal hosts to pitch canker in South Korea. However, native two-needle pine, P. thunbergii, is also being damaged by the disease especially in Jeju Island. In a previous test, we found that the mortality of three-yearold seedlings of P. × rigitaeda inoculated with an isolate from P. rigida in Baekryeong Island, Kyeonggi province, South Korea was zero (Kim et al., 2008) . However, in this study, most of the seedlings of P. × rigitaeda had died by the fungus isolated from P. thunbergii. In another study, the virulence of F. circinatum obtained from the seed of P. thunbergii in Jeju Island was very low, with only 5% mortality (Woo et al., 2005) , suggesting that the variation of the virulence of the pathogen differs by the origin of the fungus and individual hosts.
Pitch canker is significantly more severe, and is spreading faster in managed landscape types than in the wild land stands (Wikler et al., 2003) . In the current study, the distance between the two sites is only about 10 kilometers, but we observed more damaged trees by the pitch canker in the site FS than in the site FT. The site FS is a golf course, where trees are more intensively managed than those at site FT, which is less disturbed by human activities. Also, micro-environmental variation between the two sites could affect the success of the pathogen in colonizing its host. Among the FT isolates tested in this study, FT-7, which was the most virulent isolate, was selected as an inoculum of the future screening tests for breeding for resistance to the pitch canker.
Branch inoculations. A number of previous studies have been performed to clarify differences in the susceptibility of Pinus spp. either using stem inoculations (Enebak and Stanosz, 2003; Matheson et al., 2006; Porter et al., 2009; Viljoen et al., 1997) or branch inoculations (Gordon et al., 1998a and b; Sakamoto and Gordon, 2006) . It seems likely that the susceptibility of seedlings could be assessed by either stem inoculations or branch inoculations, but for larger trees in the field, branch inoculations would allow for the speedy screening of disease resistant individuals. Branch inoculation results on larger trees were closely correlated with those from stem inoculations (Roux et al., 2007) .
Relatively resistant trees show a reduced rate of lesion development compared to more susceptible one. Resistant trees do not show any girdling lesions, and they sustain less branch dieback than more susceptible individuals. There was a statistically significant difference (p<0.001) among 11 natural selection trees for susceptibility to F. circinatum based on average lesion lengths measured 56 days after inoculation (Table 2) . Tree R16 showed the longest lesion (51.3 ± 11.4 mm), and tree R7 was the shortest (28.7 ± 4.4 mm). The multiple range summary indicates that both R17 (29.5 ± 8.0 mm) and R7 trees have significantly shorter lesions than the rest of trees (Table 2 ). It also indicates that trees R11, R25, R26, and R27 have significantly shorter lesions than trees R4, R8, R12, R16, and R19. There was no significant difference (P = 0.53) between the southern and northern branches for mean lesion length (Fig. 4) . However, the difference was significant for interaction between trees and the direction (P < 0.01). We re-isolated the fungus from inoculated branches of all trees tested. The height of 11 trees was positively correlated with the crown height and the minor crown width (r = 0.925; P < 0.001 and r = 0.620; P < 0.05, respectively). The minor crown width was also correlated with the major crown width and the crown height (r = 0.698; P < 0.05 and r = 0.717; P < 0.05, respectively). However, lesion length was not correlated with any of the morphological measurements of the trees.
Susceptibility is more likely affected by the interaction between pathogen and host rather than environmental (ambient) conditions, especially for resistant stocks. In the recent study, 2 of 6 pine species or hybrid seedlings, P. echinata and P. virginiana, were the most susceptible to infection by Korean isolate of F. circinatum (Kim et al., 2008) . However, some studies provided solid evidence on the seasonal and weather-related variations in levels of spore deposition rates of F. circinatum (Garbelotto et al., 2008; Schweigkofler et al., 2004) .
Temperature is one of the most important factors influencing the distribution of pitch canker. Inman et al. (2008) suggested that if low temperatures extend the time required for growth and spore germination, infection frequency by pitch canker would be reduced. The risk of pitch canker establishment was predicted using the process-based distribution program based on a number of climatic variables (Ganley et al., 2009) . Low elevation sources of the seedlings of P. patula and P. tecunumanii showed significantly higher resistance to F. circinatum than those from high elevation (Hodge and Dvorak, 2007) . Pitch canker outbreaks in the Southeast United States have been related with hurricanes (Dwinell et al., 1985) . Also, high levels of nutrients, both in pine needles and soils, are associated with increasing severity of the pitch canker disease (Lopez-Zamora et al., 2007) . Therefore, environmental factors are known to contribute to pitch canker disease in many aspects. In the current study, relatively little is known about not only the infection process and natural dispersal of F. circinatum, but also the role of a sexual stage of the fungus, Gibberella circinata, for infection of host species. Further studies are needed to clarify these issues.
Pitch canker is a non-native pathogen, which is highly aggressive to native stands and/or in our case, seed orchards because there was no long-period selection for compatible interactions between the parasite and their host. The effect of natural selection on the susceptibility of host population is that the more resistant host genotypes are likely to leave the more progeny, resulting in diminishing damage by an exotic pathogen. However, Aegerter and Gordon (2006) suggested that resistance to pitch canker that is expressed in mature trees is not operative in emerging seedlings. Therefore, natural-regeneration seedlings are challenged to escape infection by F. circinatum until the resistance is operative. Relatively resistant trees identified by branch inoculation in this study should have less damage than more susceptible trees. Because all eleven trees have been in the presence of pitch canker for many years, it is likely they have been infected, even though symptoms may never have developed. Consequently, it is possible that induced resistance contributed to their capacity to limit lesion development. These trees are very useful to increase the number of resistant phenotypes to cope with the pitch canker epidemic in the future. The evidence of resistance to the pitch canker pathogen in native stands of Monterey pine has been confirmed previously (Storer et al., 1999) .
F. circinatum can grow into host tissues before it is restricted completely even though host trees appear to be phenotypically resistant to the fungus (Aegerter and Gordon, 2006; Kim et al., 2008) . In a previous test (Kim et al., Fig. 4 . Variation in susceptibility to F. circinatum infection caused by the inoculations of 10 branches on each of the southern and northern sides of trees. Error bars correspond to the standard deviation of the mean.
2008), we suggested that the fungus was re-isolated from resistant host tissues without necessarily resulting in lesion development. In the current branch inoculations, 56 days after inoculation, we observed both infected and uninfected branches which are all artificially inoculated and are right next to each other within a single genotype even though the frequency was very low. Additional studies are needed to clarify and describe resistance mechanisms, especially those that contain fungal growth.
Conclusions
Initial symptoms of needle damages were observed at about 2 weeks after inoculation with isolates of Fusarium circinatum in Pinus thunbergii. The virulence of 20 tested isolates was not significantly different, but some isolates such as FT-7 and FT-8 showed much higher virulence than others. Eleven P. × rigitaeda tree isolates, which were survived from a seed orchard severely damaged by pitch canker, differed significantly in susceptibility to F. circinatum measured 56 days after inoculation. It is possible that induced resistance contributed to their capacity to limit lesion development, and the susceptibility of P. × rigitaeda trees are more likely affected by interaction with F. circinatum rather than environmental factors.
